Although the transcriptome, proteome, and interactome of several eukaryotic model organisms have been described in detail, lipidomes remain relatively uncharacterized. Using Saccharomyces cerevisiae as an example, we demonstrate that automated shotgun lipidomics analysis enabled lipidome-wide absolute quantification of individual molecular lipid species by streamlined processing of a single sample of only 2 million yeast cells. By comparative lipidomics, we achieved the absolute quantification of 250 molecular lipid species covering 21 major lipid classes. This analysis provided Ϸ95% coverage of the yeast lipidome achieved with 125-fold improvement in sensitivity compared with previous approaches. Comparative lipidomics demonstrated that growth temperature and defects in lipid biosynthesis induce ripple effects throughout the molecular composition of the yeast lipidome. This work serves as a resource for molecular characterization of eukaryotic lipidomes, and establishes shotgun lipidomics as a powerful platform for complementing biochemical studies and other systems-level approaches.
fatty acid elongation ͉ S. cerevisiae ͉ shotgun lipidomics T he lipidome of eukaryotic cells consists of hundreds to thousands of individual lipid species that constitute membranes, store metabolic energy and function as bioactive molecules (1) (2) (3) . Despite the extensive characterization of proteins, their association into complexes and activities (4) (5) (6) , it is still difficult to assess how perturbations within the lipid metabolic network affect the full lipidome of cells. This work shows that lipidome-wide quantification of individual molecular lipid species (molecules with defined chemical structure) by absolute quantification (expressed in mol or mol%) provides a new approach to relate lipidomics and functional genomics studies.
The yeast Saccharomyces cerevisiae serves as a prime model organism for studying the molecular organization and regulatory circuitry of eukaryotic lipidomes (7) (8) (9) . It uses a relatively simple and conserved network of lipid metabolic pathways (Fig. 1) that synthesize a few hundred molecular lipid species constituting its full lipidome (3) . The lipidome diversity is primarily determined by the fatty acid synthase (10), the ⌬-9 desaturase (11) and the fatty acid elongation complex (12) that produce only saturated or mono-unsaturated fatty acids having 10 to 26 carbon atoms for the biosynthesis of glycerolipids, glycerophospholipids, and sphingolipids. Importantly, several metabolic conversions interlink sphingolipid, glycerophospholipid, and glycerolipid metabolism such that any perturbation within the metabolic network is prone to induce lipidome-wide ripple effects. Remarkably, numerous genes involved in lipid metabolism and trafficking can be mutated or deleted without apparent physiological consequences (Fig. 1) .
Despite remarkable methodological advances, lipidomics seldom complements functional genomics efforts owing to three major factors. First, analysis of glycerophospholipids and sphingolipids requires two separate lipid extractions (14) , which use vast amounts of sample (typically 250 million cells), numerous sample processing steps and harsh chemical treatments for recovery of sphingolipids (15) . Second, the lack of appropriate internal lipid standards limits the quantification scope to profiling analysis (16) or relative quantification (14, 17) , which provide no information on the stoichiometric relationship between lipid species of different classes. Third, the present methods are not designed for full characterization of molecular lipid species (e.g., PC 16:1-18:1), but instead identify 35 to 70 lipids with different sum compositions (e.g., PC 34:2) (16, 17) .
Here, we present a mass spectrometric approach that enabled absolute quantification of 250 molecular lipid species constituting 21 lipid classes, including the yeast inositol-containing sphingolipids, intermediate LPA and bioactive LCBP species. Altogether, this is currently the most comprehensive description of the S. cerevisiae lipidome achieved with Ϸ125-fold better sensitivity and Ͼ3-fold increased lipidome coverage compared with previous approaches (14, 16, 17) . To demonstrate its efficacy for functional genomics studies, we monitored in molecular detail how the full lipidome adapted to growth temperature and genomic deletion of 3-ketoacyl-CoA synthases. This works demonstrates the ability to perform global analysis of an eukaryotic lipidome, and provides a resource for further systems-level studies of lipid metabolism and membrane trafficking in yeast.
Results
Quantitative Shotgun Lipidomics Approach for S. cerevisiae. Several advances in sample processing and mass spectrometry enabled lipidome-wide absolute quantification of molecular lipid species (Fig. 2) . First, we used a 2-step lipid extraction procedure that separated relatively apolar and polar lipids. Second, we improved the analytical sensitivity and specificity by optimizing the solvent systems used for infusion of lipid extracts for mass spectrometric analysis. Third, we implemented absolute quantification of molecular lipid species herein covering 21 lipid classes.
Yeast cell lysates spiked with internal lipid standards were first extracted with chloroform/methanol (17:1, V/V) that recovered 80-99% of relatively apolar lipids, including ergosterol, TAG, DAG, PC, LPC, PE, PG, LCB, and Cer. Subsequent extraction of the remaining aqueous phase, using chloroform/methanol (2:1, V/V) recovered 74-95% of polar lipids, including PA, LPA, PS, LPS, PI, LPI, CL, LCBP, IPC, MIPC and M(IP) 2 C (Table  S1 ). This 2-step lipid extraction procedure achieved the same or better lipid recovery compared with the conventional Bligh and Dyer protocol (18) , whereas increasing the recovery of the important M(IP) 2 C by 4-fold. Comparing mass spectrometric
Author contributions: C.S.E., R.W.K., and K.S. designed research; C.S.E., J.L.S., and R.W.K. performed research; C.S.E., J.L.S., V.S., E.D., and K.E. contributed new reagents/analytic tools; C.S.E. analyzed data; and C.S.E., V.S., R.W.K., K.S., and A.S. wrote the paper. profiles of lipid extracts showed that partitioning into the 17:1 vs. the 2:1 extract was lipid class-dependent, rather than lipid species-dependent. Furthermore, fractionation of apolar and polar lipids increased the analytical sensitivity compared with direct analysis of unfractionated lipid extracts (data not shown).
Next, we optimized the solvent system for sample infusion and shotgun lipidomic analysis. The use of 0.2 mM methylamine increased the ionization efficiency in negative ion mode and enhanced the detection sensitivity 3-to 25-fold for the anionic lipid classes PA, PG, PI, PS, IPC, MIPC, and M(IP) 2 C compared with commonly used 7.5 mM ammonium acetate (19, 20) . Comparative analysis of the ionization efficiency in positive and negative ion mode showed that only sterols, PC, DAG, TAG, and Cer should be analyzed in positive ion mode (Fig. S1 ).
Until now, no mass spectrometric method has allowed absolute quantification of the yeast sphingolipids IPC, MIPC and M(IP) 2 C. In wild-type S. cerevisiae, the most abundant sphingolipid species contain a C18 phytosphingosine (LCB 18:0;3) with . The lipid metabolic network was compiled using the Saccharomyces Genome Database (www.yeastgenome.org) and references therein. Lipids monitored by absolute quantification are indicated by green circles. Lipids that were only identified are shown by gray circles. CL, cardiolipin; Cer, ceramide; CoA, coenzyme A; CDP-DAG, cytidine diacylglycerol; DAG, diacylglycerol; DMPE, dimethyl-phosphatidylethanolamine; FFA, free fatty acid; IPC, inositolphosphoceramide; LCB, long-chain base; LCBP, long-chain base phosphate; LPA, lysophosphatidic acid; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; LPI, lysophosphatidylinositol; LPS, lysophosphatidylserine; M(IP) 2C, mannosyl-diinositolphosphoceramide; MIPC, mannosyl-inositolphosphoceramide; MMPE, monomethyl-phosphatidylethanolamine; PA, phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PGP, phosphatidylglycerolphosphate; PI, phosphatidylinositol; PIP, phosphatidylinositol-phosphate; PIP 2, phosphatidylinositol-bisphosphate; PS, phosphatidylserine; TAG, triacylglycerol. an amide-linked fatty acid moiety having 26 carbon atoms, no double bonds and a single hydroxyl group (e.g., M(IP) 2 C 18:0;3/ 26:0;1) (9). To enable absolute quantification of yeast sphingolipids we isolated IPC, MIPC and M(IP) 2 C standards from the double hydroxylase mutant sur2⌬scs7⌬, which synthesizes sphingolipids with LCB 18:0;2 (C18 dihydrosphingosine) and a 26:0;0 fatty acid moiety (e.g., M(IP) 2 C 18:0;2/26:0;0) (21, 22) . For the absolute quantification of glycerolipids, glycerophospholipids, and sterols we used commercially available lipid standards (Table S2) .
In summary, the lipidome-wide quantification of endogenous lipid species was achieved by spiking cell lysates with defined amounts of 21 internal lipid class-specific standards. Lipid species recovered in the 17:1 and 2:1 phase lipid extracts were quantified by 6 successive automated MS and MS/MS experiments (Table S2 ) followed by data processing using dedicated software (19) . The lipidomics platform featured a broad dynamic quantification range covering 3 to 4 orders of magnitude and a detection limit in the low pmol range (Fig. S2) . We estimated that the quantitative analysis covered Ϸ95% of the S. cerevisiae lipidome by monitoring lipid species constituting the 21 major lipid classes of the 30 lipid classes in yeast (Fig. 1) . We also detected several low abundant biosynthetic intermediates, phosphoinositides and ergosterol esters (7). However, their quantification was omitted because of the lack of applicable lipid standards. Importantly, the analysis required only 2 million yeast cells (Ϸ0.2 OD units), which is 125-fold less sample compared with previous methods (14, 17) .
Molecular Composition of the S. cerevisiae Lipidome. By shotgun lipidomics analysis we quantified 162 molecular lipid species in wild-type S. cerevisiae BY4741 (Fig. 3) . The most abundant lipid species was ergosterol comprising 12.0 mol% of the lipidome (equivalent to 481 pmol/0.2 OD units), followed by 8. (16, 23) .
By calculating the lipid class composition (sum of all lipid species constituting the same lipid class), we found that the BY4741 lipidome contained 20.3% PI, 14.9% PE, 14.3% PC, 8.3% PA and 1.8% PS species (Fig. S3B) . Although it is commonly believed that PC dominate the yeast glycerophospholipidome (23) , our analysis of wild-type strains BY4742, BY4743, NY13 and CTY182 consistently identified PI as a major lipid class constituting 17% to 30% of the lipidome.
We also observed that S. cerevisiae modulates its lipid composition at elevated growth temperature (37°C) in three major ways (Fig. S3) : by (i) synthesizing more PI species, and less PE and TAG species; (ii) preferential incorporation of 16:0 and 18:1 fatty acid moieties into glycerophospholipids; and (iii) synthesizing sphingolipids with a LCB 20:0;3 backbone; detected as a 18-fold increase in M(IP) 2 C 20:0;3/26:0;1 compared with growth at 24°C.
Lipidome-Wide Consequences of Defective Fatty Acid Elongation.
Elo1, Elo2 and Elo3 are 3-ketoacyl-CoA synthases embedded in the ER where they form a complex with Ybr159w, Phs1 and Tsc13 (12) . This enzyme complex catalyzes the 4-step cycle that successively elongates precursor acyl-CoA by 2 methylene groups. Although the substrate specificities of the 3-ketoacylCoA synthases have been characterized (12, (24) (25) (26) (27) , it is still unknown how their genomic deletion affects the molecular composition of the S. cerevisiae lipidome. Whereas elo1⌬ shows no apparent phenotype, elo2⌬ and elo3⌬ accumulate aberrant sphingolipid species with shortened fatty acid moieties (25) together with compromised vacuolar organization and protein trafficking to the cell surface (28, 29). Comparative lipidome analysis of elo1⌬, elo2⌬, elo3⌬ and wild type quantified in total 250 molecular species constituting 21 lipid classes (Fig. S4, Fig. 4) . This is at least 3-fold better lipidome coverage than previously achieved (14, 16, 17) . The content of M(IP) 2 C, MIPC and IPC in elo1⌬ increased by 1.4-to 3.8-fold, whereas the levels of PI, PC and PE were reduced. Apparently, the deletion of Elo1 promotes elongation of shorter chain acyl-CoA to C26:0-CoA mediated by functional Elo2 and Elo3. This concomitantly enhances the production of LCB for synthesis of sphingolipids, and in turn reduces the concentration of substrate PI species. Furthermore, the elo1⌬ mutant contained more glycerophospholipid species with 14:0 and 14:1 fatty acid moieties (Fig. S4) , which corroborates the known substrate preference of Elo1 (24, 26) .
The lipidome of elo2⌬ and elo3⌬ showed specific changes in the molecular composition of sphingolipid and glycerophospholipid species. PI (Ϸ27%), the substrate for synthesis of IPC and M(IP) 2 C, was the most abundant lipid class in both elo2⌬ and elo3⌬ (Fig. 4A) . Importantly, elo2⌬ and elo3⌬ accumulated 3.8% and 4.9% of the sphingolipid intermediate LCB 18:0;3, respectively (Fig. S4) . In addition, we observed an increased concentration of LCBP 18:0;3 (not detected in wild type). The sphingolipidome of elo2⌬ and elo3⌬ contained less MIPC and M(IP) 2 C, but accumulated 2.4-to 9.0-fold more IPC compared with wild type. elo2⌬ produced a heterogeneous assortment of IPC species including shorter chain IPC 18:0;3/16:0;0 and IPC 18:0;3/18:0;0, which were not converted into corresponding MIPC and M(IP) 2 C species, so that MIPC 18:0;3/26:0;1 and M(IP) 2 C 18:0;3/26:0;1 were the major species (Fig. 4B) . In comparison, elo3⌬ accumulated IPC 18:0;3/22:0;1 as the major IPC species; whereas MIPC 18:0;3/24:0;1 and M(IP) 2 C 18:0;3/ 24:0;1 were the predominant MIPC and M(IP) 2 C species, respectively. These results confirm previous observations that elo2⌬ and elo3⌬ synthesize sphingolipids with shortened fatty acid moieties (25, 27) . Furthermore, we detected low amounts of lysoIPC 18:0;3 (phytosphingosine linked to inositol-phosphate) in both elo2⌬ and elo3⌬ (data not shown). Taken together, these results demonstrated a promiscuous substrate specificity of the IPC synthase Aur1, whereas the MIPC synthases (Csg1-Csh1-Csg2) showed a restricted substrate specificity, using primarily IPC species with C26 or C24 fatty acid moieties (Fig. 4B) . These results also explain the successful metabolic conversion of fluorescent Cer tracers into IPC; and the inability to convert fluorescent IPC into MIPC and M(IP) 2 C (30).
Although the concentration of PI and PC in elo2⌬ and elo3⌬ was similar, we observed that the molecular composition of PI and PC species were dramatically different (Fig. S5) . elo2⌬ contained less PI and PC species with 16:0, 16:1 and shorter fatty acid moieties, which was offset by increased content of species with 18:1 and 18:0 fatty acids. In contrast, the elo3⌬ lipidome showed differences primarily in the composition of PC species (and to a smaller extent within PE, PS and PA) characterized by increased abundance of PC 16:1-16:1 and PC 14:1-16:1 and reduced content of PC 16:0-16:1 and PC 16:0-18:1 compared with wild type.
Discussion
In a comparative lipidomics study, we determined the absolute abundance of 250 lipid species covering 21 major lipid classes. This analysis enabled us to determine the lipidome-wide stoichiometric relationship between molecular lipid species in S. cerevisiae. Furthermore, 26 lipid species from an additional 5 lipid classes were detected, but omitted from quantification because of the lack of applicable lipid standards (data not shown). We estimate that the analysis covered Ϸ95% of the S. cerevisiae lipidome including M(IP) 2 C, LPA and bioactive LCBP species that escaped characterization by previous lipidomic strategies (14, 16) . The most detailed analysis presented here required 100 min per sample. We note that the lipidomics platform can be operated with higher sample throughput as required for screening routines simply by lowering the structural specificity of the analysis (31) . By monitoring the absolute abundance of individual lipid species we demonstrated that differences in growth temperature and defects in the lipid biosynthesis machinery produced alterations throughout the entire yeast lipidome. These ripple effects could not have been predicted from known activities of lipid biosynthesis enzymes (32) . We also note that phenotypes seen upon deletion of genes expected to affect a specific lipid class might derive from seemingly unrelated compensatory changes within the lipidome that can only be assessed by global lipid analysis. Finally, we note that minor modifications of the methodology should enable the characterization of mammalian glycosphingolipids, bioactive LPA and LCBP species (33, 34) and phosphoinositides (35) .
Our results indicate that the biosynthetic aperture for LCB synthesis (Lcb1-Lcb2-Tsc3, Tsc10, Sur2), the fatty acid elongation complex (Elo2/Elo3-Ybr159w-Phs1-Tsc13) and the ceramide synthases (Lag1/Lac1-Lip1) mediate efficient substrate shunting for de novo ceramide biosynthesis, whereas Elo1 shunts C16:0/C18:0-CoA toward glycerophospholipid incorporation by an unknown acyltransferase. The Elo1 activity counterbalances the flux of acyl-CoA toward Elo2 and Elo3, which mediate the production of C26:0-CoA for ceramide synthesis and subsequent production of IPC, MIPC and M(IP) 2 In summary, we argue that lipidome-wide absolute quantification of molecular lipid species changes the scope of functional genomics approaches for characterizing metabolic networks. Contrary to other omics approaches, lipidomics-based mass spectrometry provides direct measurement of products and substrates within the network. Therefore, there is no need to infer the content of lipids from expression level or bulk concentration of enzymes (36) . The interpretation of phenotypes, seemingly unrelated to defects in lipid metabolism, should be simplified because lipidomics reveals their direct correlation with specifically altered abundances of lipid species manifested as global ripple effects. Conversely, the methodology will also impact lipid biology in its broad sense because information on the absolute abundance of molecular lipid species under any biological condition could prompt the development of biophysical models that adequately addresses the complexity of biological membranes. Finally, lipidome-wide quantification should also improve our understanding of the molecular architecture of membrane domains and cellular organelles because the stoichiometry between molecular lipid and protein constituents can now be accurately determined (13) .
Materials and Methods
Annotation of Lipid Species. Lipid species were annotated by molecular composition (19, 22) . Lysoglycerophospholipid, glycerophospholipid, DAG, and TAG species were annotated as: ͗lipid class͘ ͗no. of C in the first fatty acid moiety͘:͗no. of double bonds in the first fatty acid moiety͘-͗no. of C in the second fatty acid moiety͘:͗no. of double bonds in the second fatty acid moiety͘-͗no. of C in the third fatty acid moiety (only TAG Mass Spectrometry. Lipid extracts were analyzed in negative and positive ion mode on a QSTAR Pulsar-i instrument (MDS Analytical Technologies) and a LTQ Orbitrap mass spectrometer (Thermo Fisher Scientific) both equipped with the robotic nanoflow ion source TriVersa NanoMate (Advion Biosciences) as described in refs. 19, 22, and 31. Detected lipid species were identified and quantified using Lipid Profiler (MDS Analytical Technologies) and proprietary Analysis of Lipid EXperiments (ALEX) software as described in ref. 19 .
Further details appear in SI Materials and Methods.
